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Atmospheric neutrinos

2:1 ratio between νµ:νe

similar rate of ν and ν̄
I however, x-sec for ν̄ half of ν

?
20 km
6

12760 km

�
�
�
�
�
�
�
�
��

�
�
�
�
�
�
�
��

�
�
�
�
���

��
��

��*
-@@R

various baselines available
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Atmospheric neutrinos

ν energy over several orders
of magnitude

?
20 km
6

12760 km

�
�
�
�
�
�
�
�
��

�
�
�
�
�
�
�
��

�
�
�
�
���

�
��

�
��*
-@@R

various baselines available

⇒ wide range of L/E available
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Atmospheric neutrinos oscillations
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 [ie. cos(Zen)=-1]νup-going 

Largest baseline (L=12760 km, cos θz = −1) has:
I First oscillation maxima at ∼ 25 GeV
I Matter effects below ∼ 12 GeV
I Potential for νe appearance at 8 GeV
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Atmospheric neutrinos oscillations
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δBands: 

eν: xν
µν: xν
τν: xν

 [ie. cos(Zen)=-1]νup-going 

Largest baseline (L=12760 km, cos θz = −1) has:
I First oscillation maxima at ∼ 25 GeV
I δCP below ∼ 12 GeV

F but matter effects dominate that region
I Potential for νe appearance at 8 GeV

J. P. Athayde Marcondes de André NUFACT 2015 10 August 2015 5 / 30



Current experiments

Super-Kamiokande

Inner detector: 11129 PMTs

Fiducial volume: 22.5 ktons

Operation started in Apr. 1996

IceCube-DeepCore

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including 8 DeepCore strings 
5160 optical sensors

DeepCore 
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

In ice: 5160 PMTs

Sparse array: 1 km3 volume

Denser OM volume: ∼ 6 Mtons

Full detector: May. 2011
Other experiments: far detectors of MINOS and NOνA, ANTARES, . . .
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First measure of ν oscillations by Super-Kamiokande
Evidence for oscillation of atmospheric neutrinos,
Phys.Rev.Lett.81 1562-1567, 1998
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Recent results by SK
See presentation on WG1 parallel Tuesday by Jun Kameda

Hayato, WIN 2015
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Recent results by SK: θ23 and ∆m2
32

See presentation on WG1 parallel Tuesday by Jun Kameda
arXiv:1502.01550

Long baseline accelerator experiments have overtaken atmospheric
measurements in precision
However, atmospheric experiments verify wide L and E ranges
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Recent results by IceCube: θ23 and ∆m2
32

See presentation on WG1 parallel Tuesday by João Pedro A M de André

Phys.Rev.D 91, 072004 (2015)

New atmospheric ν experiments starting to appear in the picture
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Recent results by SK: ντ appearance
See presentation on WG1 parallel Tuesday by Jun Kameda

SK-I+II+III: 2806 days
Phys.Rev.Lett. 110, 181802 (2013)

Search for hadronic decays of
τ in SK

Measured ντ normalization
1.42±0.35 (stat)

I 3-flavour oscillation exp: 1
I if no ντ appearance: 0

Total: 180± 44+18
−15ντ events

I 3.8σ observation of ντ
appearance
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Recent results by SK: NMH, octant, δCP
See presentation on WG1 parallel Tuesday by Jun Kameda

Hayato, WIN 2015
Preliminary

Slight (∼ 1σ) preference for:
I normal mass hierarchy
I 2nd octant
I π < δCP < 2π
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Recent results by MINOS/MINOS+: NMH, octant
See presentation on WG1 parallel Wednesday by João Coelho
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Joint ν beam and atmospheric ν measurement
Slight preference for octant and hierarchy opposed to SK
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Measuring the ν Mass Hiearachy with atmospheric ν
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Matter Effects
Preliminary Reference Earth Model (PREM)

Phys.Earth.Plan.Int. 25, 297 (1981)
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MSW effect alter oscillation probabilities of ν (NH) or ν (IH)
I Sharp changes in density between zones produce visible effects in

oscillation probabilities

Different paths “see” different mass patterns⇒ can be probed by
measuring the zenith of the neutrino
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Neutrino oscillations in vacuuumNeutrino oscillations in vacuum

10

Lines of 
constant L/E
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Neutrino oscillations in matter

Neutrino oscillations in matter

11

Increasing 
density

cosθz = -0.84
Outer core

Neutrinos
Normal hierarchy
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Neutrinos Anti-Neutrinos
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Why are ν and ν̄ behave differently?

Why does this happen?

14

CC interactions of 
νe with matter

+ for neutrinos
- for antineutrinos

This modifies the neutrino mixing, producing effective mixing angles in matter:

This has a resonance condition for neutrinos in the normal hierarchy or 
antineutrinos in the inverted hierarchy

- for neutrinos
+ for antineutrinos

Matter potential modifies neutrino mixing→ effective mixing angles in matter:

Why does this happen?

14

CC interactions of 
νe with matter

+ for neutrinos
- for antineutrinos

This modifies the neutrino mixing, producing effective mixing angles in matter:

This has a resonance condition for neutrinos in the normal hierarchy or 
antineutrinos in the inverted hierarchy

- for neutrinos
+ for antineutrinos

��*+ if NH
− if IH

⇒ Resonance condition for ν if NH and ν̄ if IH
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The future of atmospheric ν detectors
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PINGU: Proposed Icecube Next Generation Upgrade
See presentation on WG1 parallel Tuesday by João Pedro A M de André

78 strings, 125 m string
spacing
17 m modules z-spacing

8 strings, 75 m string spacing
7 m modules z-spacing

40 strings, 22 m string spacing
3 m modules z-spacing

I all optical modules in
clearest ice

I 15× higher photocathode
density
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Top view of the PINGU new candidate detector

IceCube
DeepCore
PINGU
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PINGU: measuring NMH
See presentation on WG1 parallel Tuesday by João Pedro A M de André
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PINGU: other ν oscillation measurements
See presentation on WG1 parallel Tuesday by João Pedro A M de André

Measure of θ23 and ∆m2
32

Expected constraints of
precision comparable to NOνA
and T2K (projected)

Measure of ντ appearance
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5σ exclusion of no ντ
appearance after 1 month
10% precision in the ντ
normalization after 6 months
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ORCA

Proposed upgrade of ANTARES
I 115 strings, 20 m spacing, 18 OMs/string
I Currently installing 6-string demonstrator
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ORCA: measuring NMH
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INO
See presentation on WG1 parallel Tuesday by Sanjeev Kumar Verma

Magnetised iron calorimeter
I 52 kton
I 1.5 T at center

⇒ ability to separate νµ and ν̄µ
interactions
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INO: measuring NMH
See presentation on WG1 parallel Tuesday by Sanjeev Kumar Verma
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Figure 7: Variation of ∆χ2
ICAL−MH for different true values of sin2 θ23. The left panel (right panel)

shows the results assuming NH (IH) as true hierarchy. Here we have taken sin2 2θ13(true) = 0.1.
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Figure 8: Variation of ∆χ2
ICAL−MH for different true values of sin2 2θ13. The left panel (right panel)

shows the results assuming NH (IH) as true hierarchy. Here we have taken sin2 θ23(true) = 0.5.

is not sensitive to δCP, even after the addition of hadron energy information. This is not

surprising considering the fact that in the expression of Pµµ, the δCP dependent term is

suppressed by a factor of α ≡ ∆m2
21/∆m

2
31 [90].

3.2 Precision Measurement of Atmospheric Parameters

In order to quantify the precision in the measurements of a parameter λ (here λ may be

sin2 θ23 or |∆m2
32| or both), we use the quantity:

∆χ2
ICAL−PM(λ) = χ2

ICAL(λ)− χ2
0 , (3.2)

where χ2
0 is the minimum value of χ2

ICAL in the allowed parameter range. Here with

the statistical fluctuations suppressed, χ2
0 ≈ 0. The significance is denoted by nσ where

n ≡
√

∆χ2
ICAL−PM. In terms of these quantities, we define the relative precision achieved

on the parameter λ at 1σ as [91]

p(λ) =
λ(max)− λ(min)

4 λ(true)
, (3.3)

– 12 –
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Hyper-Kamiokande
See presentation on WG1 parallel Monday by Tom Feusels

25× Super-Kamiokande
Fiducial volume: 0.56 Mton (total volume: 0.99 Mton)
99000 PMTs in inner detector
also to be used with current T2K beam
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Hyper-Kamiokande: measuring NMH and octant
B Atmospheric neutrinos 59

 Hyper-K years 
1 2 3 4 5 6 7 8 9 10

)
N

H
2

-
IH2

 (2
 

 

0

5

10

15

20

25

30

35

40

45

50
 = 0.041322 = 0.4   sin23

2sin
 = 0.081322 = 0.4   sin23

2sin
 = 0.161322 = 0.4   sin23

2sin
 = 0.041322 = 0.5   sin23

2sin
 = 0.081322 = 0.5   sin23

2sin
 = 0.161322 = 0.5   sin23

2sin
 = 0.041322 = 0.6   sin23

2sin
 = 0.081322 = 0.6   sin23

2sin
 = 0.161322 = 0.6   sin23

2sin

Normal mass hierarchy
HK fiducial mass: 560 kTon

3 

 Hyper-K years
1 2 3 4 5 6 7 8 9 10

)
N

H
2

-
IH2

 (2
 

 

0

5

10

15

20

25

30

35

40

45

50
 = 0.041322 = 0.4   sin23

2sin
 = 0.081322 = 0.4   sin23

2sin
 = 0.161322 = 0.4   sin23

2sin
 = 0.041322 = 0.5   sin23

2sin
 = 0.081322 = 0.5   sin23

2sin
 = 0.161322 = 0.5   sin23

2sin
 = 0.041322 = 0.6   sin23

2sin
 = 0.081322 = 0.6   sin23

2sin
 = 0.161322 = 0.6   sin23

2sin

Inverted mass hierarchy
HK fiducial mass: 560 kTon

3 

FIG. 36. Expected significance for mass hierarchy determination as a function of Hyper-K livetime in years.

All of θ23, θ13, and δ are assumed to be unknown and allowed to vary without any constraints.
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FIG. 37. Expected significance for mass hierarchy determination as a function of Hyper-K livetime in years.

Both θ23 and θ13 are assumed to be well known and are fixed.

mass hierarchy assumption, – interpreted as significance of the mass hierarchy determination – is

shown as a function of livetime in years. In the calculation of the significance, fitting parameters

θ13, θ23, and δ are assumed to be unknown and allowed to freely vary when obtaining the χ2

minimum. The expected significance is larger for larger sin2 θ23 and sin2 θ13 as is expected. With

10 years exposure, the significance is more than 3σ for most of the parameter sets suggested by the

global fit results [28]. Figure 37 also shows the significance but in this case both θ13 and θ23 are
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arXiv:1109.3262v1 – assuming unkown θ23, θ13 and δCP

Shiozawa, Intl.Meeting for Large Neutrino Infrastructure, 2015



Summary

Atmospheric neutrinos have and continue to provide quality
measurements of ν oscillations

I First evidence of ν oscillations
I Precise measurements of ∆m2

32 and θ23
I ντ appearance measurement

The next generation of experiments will improve on current
measurements and aim for measuring the NMH

I PINGU and ORCA can reach 3 σ CL in 3-4 years from built detector

Very complementary to accelerator-based experiments
I Explore wide range of baselines and energies at once

And that is not all physics reach of these detectors
I Published/possible searches for sterile neutrinos, dark matter, . . .
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